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ABSTRACT :  The  accompanying  paper  described  the  structural  characterization  of  polyurethane  multi¬ 
block  copolymers  that  varied  block  incompatibility  at  fixed  block  length  and  composition.  Their  linear 
viscoelastic  properties  are  presented  in  this  paper.  Dynamic  mechanical  experiments  in  temperature 
sweep  mode  confirmed  that  the  materials  ranged  from  almost  homogeneous  to  highly  microphase- 
separated.  Dynamic  mechanical  frequency  sweep  experiments  showed  a  Rouse-like  frequency  response 
in  all  materials  at  high  temperatures,  including  those  polyurethanes  that  were  highly  microphase- 
separated.  This  is  in  stark  contrast  to  the  numerous  reports  on  microphase-separated  block  copolymers 
that  show  nonliquidlike  terminal  behavior  at  low  frequencies.  We  attribute  this  homopolymer-like  response 
of  microphase-separated  polyurethanes  to  a  lack  of  long-range  order  in  their  microphase-separated 
structure  and  regard  it  to  be  a  crucial  feature  of  most  commercial  multiblock  copolymers.  The  apparent 
activation  energy  for  terminal  flow  was  found  to  be  insensitive  to  the  extent  of  microphase  separation, 
indicating  that  the  thermodynamic  penalty  xN  expected  for  chain  motion  in  block  copolymers  plays  an 
insignificant  role  in  the  dynamics  of  the  present  materials.  We  demonstrate  that  bare  effects  (primarily 
proximity  to  the  Tg)  and  dynamic  asymmetry  (friction  in  one  block  much  larger  than  in  the  other)  play 
a  major  role  in  the  dynamics  of  polyurethanes.  The  latter  is  expected  to  be  especially  important  in  the 
dynamics  of  elastomeric  block  copolymers  whose  blocks  usually  have  widely  separated  Tg's. 


1.  Introduction 

Polyurethanes  are  (AB)n  type  multiblock  copolymers 
composed  of  "hard"  and  "soft"  segments  that  miaophase- 
separate  due  to  thermodynamic  incompatibility.  The 
resulting  microstructure  of  low-Tg  soft-segment-rich 
domains  reinforced  by  rigid  hard-segment-rich  domains 
has  excellent  elastomeric  properties,  making  polyure¬ 
thanes  useful  as  thermoplastic  elastomers,  coatings, 
textiles,  etc.i  The  most  important  parameters  that 
influence  the  properties  of  multi  block  copolymers  are 
block  length  A/,  block  incompatibility;^,  and  composition. 
The  first  paper  in  this  series  investigated  the  effect  of 
block  length  on  the  structure  and  the  viscoelastic 
properties  at  constant  incompatibility  and  composition.^ 
In  that  work,  we  studied  the  "E-series"  of  materials  with 
polycaprolactone  soft  segments  and  isophorone  di  isocy¬ 
anate/1, 4-butanediol  hard  segments  as  a  function  of 
block  length.  There  were  three  primary  conclusions 
regarding  the  viscoelastic  properties  of  polyurethanes 
in  that  paper.  First,  block  length  had  a  very  large  effect 
on  the  terminal  properties  of  polyurethane  melts  with 
terminal  viscosity  varying  as  approximately  (block 
length)'^-^.  Second,  at  sufficiently  high  temperature  the 
pol  yu  rethanes  had  a  rel  axati  on  spectru  m  si  mi  I  ar  to  that 
of  a  homopolymer  of  low  molecular  weight,  indicating 
that  either  the  polyurethanes  were  homogeneous  at  high 
temperatures  or  microphase  separation  did  not  affect 
the  relaxation  spectrum.  Finally,  the  shift  factors  at 
sufficiently  high  temperatures  could  be  adequately 
represent^  by  the  WLF  equation  with  "universal" 
values  of  the  constants  Cig  and  C2g,  provided  the  ref¬ 
erence  temperature  was  taken  to  be  the  thermal  Tg  that 
the  polyurethane  would  have  if  it  were  single  phase. 

I  n  thi  s  second  part  of  the  study  of  vi  scoel  asti  c  proper- 
ti  es  of  pol  yurethanes,  the  effects  of  bl  ock  i  ncompati  bi  I  i  ty 
on  the  structure  and  viscoelastic  properties  of  polyure- 
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thane  elastomers  are  investigated.  The  accompanying 
paper^  describes  the  synthesis  and  structural  charac¬ 
terization  of  polyurethanes  with  varying  block  incom¬ 
patibility;  this  paper  describes  their  viscoelastic  prop¬ 
erties.  An  unusual  featureofthese  materials  is  that  the 
segmental  incompatibility  was  changed  after  synthesis 
of  the  polyurethanes,  and  hence,  the  effects  of  incom¬ 
patibility  are  measured  at  constant  molecular  weight. 
It  is  demonstrated  that  bare  effects  (i.e.,  those  present 
even  in  homogeneous  samples)  and  the  effects  of  dy¬ 
namic  asymmetry  (i.e.,  a  large  difference  in  the  friction 
coefficients  of  the  blocks)  are  extremely  important  in 
determining  the  terminal  relaxation  properties.  In  ad¬ 
dition,  it  is  shown  that  even  highly  microphase- 
separated  samples  show  relaxation  spectra  similar  to 
those  of  homopolymer  melts.  This  observation  isdirectly 
related  to  the  lack  of  long-range  order  in  the  mi¬ 
crophase-separated  state  of  polyurethanes. 

2.  Experimental  Section 

The  materials  used  in  this  work  were  polyurethane  cationo- 
mers  with  pdy(propylene  oxide)  (PRO)  soft  segments  and  hard 
segments  based  on  isophorone  diisocyanate  and  A/,A/-dimethy- 
lamino-l,2-propanediol  (DMP).  They  have  been  described  in 
detail  in  the  accompanying  paper Briefly,  the  DMP  chain 
extender  can  bequaternized  with  iodomethane,  thereby  vary¬ 
ing  the  incompatibility  of  the  two  blocks  in  a  controlled  fashion 
without  changing  the  overall  molecular  weight  of  the  polyure¬ 
thane.  The  materials  are  designated  as  Ix-y  where x  refers  to 
the  molecular  weight  of  the  soft  segment  and  y  refers  to  the 
percentage  of  DM  P  groups  that  have  been  quaternized.  Three 
polyurethanes  were  synthesized  by  using  three  different  PPO 
molecular  weights,  725, 1000,  and  2000.  These  polyurethanes 
were  quaternized  to  various  extents  to  yield  three  series  of 
materials  with  varying  block  incompatibility  which  increases 
with  quaternization.  All  these  polyurethanes  were  amorphous 
and  had  about  50  wt  %  of  soft  segment.  They  are  almost 
certainly  unentangled  due  to  their  low  molecular  weights 
(Table  1  in  the  accompanying  paper^). 

Samples  for  rheometric  experiments  were  cut  from  films 
prepared  by  casting  from  solution  and  drying  in  a  vacuum. 
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the  1725  series:  solid  line,  1725-0;  filled  triangles,  1725-25;  the  12000  series:  solid  line,  12000-0;  filled  triangles,  12000- 

open  diamonds,  1 725-40. 1 725-12  has  been  omitted  for  clarity.  14;  open  diamonds,  1 2000-40. 


Figure  2.  Dynamic  mechanical  temperature  sweep  data  for 
the  11000  series;  solid  line,  11000-0;  open  diamonds,  11000- 
13;  filled  triangles,  1 1000-32;  +  symbols,  1 725-40.  E"  data  for 
1 1000-13  and  1 1000-40  have  been  omitted  for  clarity. 

All  samples  were  subjected  to  annealing  at  55  °C  for  12-14  h 
immediately  prior  to  experiment  in  order  to  obtain  reproduc¬ 
ible  data.  High-frequency  dynamic  mechanical  temperature 
sweep  experiments  were  conducted  in  tensile  mode  as  previ¬ 
ously  described. 2  Dynamic  mechanical  frequency  sweep  experi¬ 
ments  in  the  linear  viscoelastic  region  were  conducted  in 
parallel  plate  geometry  between  0.01  and  100  rad/s  in  the 
temperature  range  30-140  °C.  At  high  temperatures,  fre¬ 
quency  sweeps  were  restricted  to  high  frequencies,  making  the 
experimental  times  short  enough  to  ignore  dequaternization. 
Other  details  of  sample  preparation  and  experimental  proce¬ 
dure  have  been  present^  dsewhere.^  '* 

3.  Results 

3.1.  Temperature  Sweep  Experiments.  Figures 
1-3  show  the  results  of  dynamic  mechanical  tempera¬ 
ture  sweep  experiments  at  a  high  test  frequency  (80  rad/ 
s)  for  the  polyurethane  cat!  onomers.  Figure  1  shows  no 


peaks  in  E"  or  tan  ^  at  low  temperatures,  indicating 
that  all  the  1725  materials  are  almost  completely 
homogeneous.  I  n  the  accompany!  ng  paper  it  was  poi  nted 
out  that  this  is  not  strictly  true  and  that  these  materials 
have  at  least  a  small  amount  of  microphase  separation. 
Evidently,  microphase  separation  is  too  weak  to  be 
observed  in  high-frequency  dynamic  mechanical  experi¬ 
ments. 

Figure  2  shows  that  1 1000-0  has  a  broad  peak  in  E" 
at  about  -20  °C,  which  corresponds  to  the  glass  transi¬ 
tion  temperature  of  the  soft-segment-rich  microphase. 
E'  shows  a  broad  decrease  around  this  temperature, 
followed  by  a  slight  plateau  indicative  of  some  mi¬ 
crophase-separated  hard-segment  domains.  I  ncreasing 
quaternization  causes  a  decrease  in  the  Tg  and  a 
broadening  of  the  E'  plateau,  both  indicative  of  better 
microphase  separation. 

Finally,  Figures  shows  that  all  1 2000  materials  have 
sharp,  well-defined  peaks  in  E"  at  about  -45  °C  and 
wel  I -defined  plateaus  in  E'  above  the  soft-segment  glass 
transition,  indicating  that  all  12000  polyurethanes  are 
highly  microphase-separated.  There  is  no  shift  in  the 
E"  peak  (i.e.,  Tg  of  soft-segment-rich  microphase)  with 
quaternization  in  accordance  with  DSC  data."^ 

In  all  cases,  increasing  quaternization  causes  an 
increase  in  storage  modulus  at  high  temperatures  and 
a  correspondingly  higher  temperature  for  flow.  This 
increasingly  solidlike  behavior  with  quaternization, 
which  will  be  demonstrated  more  clearly  in  the  next 
section,  has  three  distinct  causes  that  have  been  de¬ 
scribed  briefly  by  Hamersky  et  al.^  To  have  a  physical 
picture  in  mind  while  examining  further  experimental 
data,  they  are  explai  ned  here  for  the  specific  case  of  a 
block  copolymer  comprised  of  blocks  A  and  B  with  0 
being  the  volume  fraction  of  block  A. 

The  fi  rst  cause  for  the  i  ncreasi  ngl  y  sol  i dl  i  ke  behavi or 
is  "bare"  effects,  i  .e.,  those  effects  that  are  unrelated  to 
microphase  separation.  These  would  be  present  even  if 
the  X  parameter  were  to  be  zero  (athermal  blocks), 
making  the  copolymers  completely  homogeneous.  In 
that  case,  one  may  define  a  monomeric  friction  coef¬ 
ficient  for  this  single-phase  copolymer 
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r=F(^°,^°,0,T,z=O)  (1) 

where  ^2  are  the  monomeric  friction  coefficients 
of  the  pure  homopolymers  with  the  same  molecular 
weights  as  the  blocks,  at  the  same  temperature,  may 
be  related  to  experimental  I y  measurable  dynamic  prop¬ 
erties  such  as  viscosity  or  diffusivity  by  some  appropri¬ 
ate  molecular  model  such  as  Rouse  theory.  By  d^inition, 
differences  i  n  the  ^^p  of  different  copolymers  constitute 
the  above-mentioned  "bare"  effects,  i  .e.,  effects  unrelated 
to  microphase  separation. 

Such  a  single-phase  copolymer  would  have  only  one 
glass  transition,  henceforth  referred  to  as  the  "single¬ 
phase  glass  transition",  at  a  temperature  denoted  by 
T^g.  This  is  generally  a  function  of  the  Tg's  of  the  blocks 
and  their  volume  fractions: 

T=P  =  G(0,TgA,TgB,z=O)  (2) 

with  equations  such  as  the  Fox  equation  being  com¬ 
monly  applicable  forms  for  G. 

Chapman  et  al.®  have  demonstrated  that  in  such  a 
single-phase  system  the  Tf  is  the  primary  determi¬ 
nant  of  5^P.  Accordingly,  the  ^^p's  of  the  various  poly¬ 
urethanes  studi  ed  here  are  expected  to  depend  pri  mari  I  y 
on  their  Tg^'s  since  there  are  no  significant  differences 
between  their  chemical  structures.  How  does  TgP  vary 
with  quaternization?  It  has  been  shown  that  the  Tg  of 
the  pure  hard  segment  increases  with  quaternization 
(Figure  1  in  the  companion  paper^).  Accordingly,  the 
TgP  (and  therefore  ^^p)  is  also  expected  to  increase  with 
quaternization.  Therefore,  at  least  someof  the  increase 
in  storage  modulus  and  flow  temperature  with  quater¬ 
nization  may  be  attri  buted  to  the  bare  effects  of  i  ncreas- 
i  ng  the  si  ngl  e-phase  Tg. 

In  addition  to  these  bare  effects,  the  viscoelastic 
properties  of  the  present  materials  are  influenced  by 
microphase  separation  in  two  qualitatively  distinct 
ways.  The  first  of  these  is  important  when  one  of  the 
components  has  a  much  higher  monomeric  friction 
coefficient  ^  than  the  other.  This  situation  is  very 
common  in  block  copolymer  elastomers;  e.g.,  in  SIS, 
SBS,  or  polyurethane  elastomers,  ^hard  »  W  mainly 
because  Tghard  »  Tg,soft.  In  such  a  case,  microphase 
separation  causes  the  local  composition  to  deviate  from 
the  average  composition  </>,  and  hence  the  local  mono¬ 
meric  friction  coefficient  ^  also  varies  throughout  the 
sample.  Thus,  in  the  case  of  SIS  triblock  elastomers, 
styrene-rich  regions  have  much  lower  mobility  (much 
higher  5)  than  the  isoprene-rich  regions,  thereby  in¬ 
creasing  the  viscosity  of  the  microphase-separated 
sample.  This  will  be  r^erred  to  as  the  "dynamic  asym¬ 
metry"  effect  of  microphase  separation;  i.e.,  it  depends 
on  the  difference  in  friction  coefficients  of  the  compo¬ 
nents.  It  does  not  depend  on  the  x  parameter,  except 
through  the  effect  of  x  on  the  extent  of  microphase 
separation.  The  second  effect  of  microphase  separation 
is  the  "thermodynamic"  aspect  which  is  the  energy 
penalty  {°<x)  of  dragging  a  hard  segment  through  the 
soft-segment-rich  microphase,  and  vice  versa.  This 
energy  penalty,  which  also  impedes  chain  motion  and 
thereby  increases  the  viscosity,  is  independent  of  the 
relative  friction  coefficients  of  the  two  blocks. 

Thus,  if  we  consider  the  12000  series  of  materials  as 
a  concrete  example,  the  viscosity  at  a  given  temperature 
would  increase  with  quaternization  even  if  these  ma- 


Figure4.  Dynamic  mechanical  frequency  sweep  data  for  1 725 
series.  Quantities  in  parentheses  refer  to  the  extent  of  quat¬ 
ernization.  They-scale  is  in  units  of  Pa  and  refers  to  the  two 
G'  curves.  The  C"  curves  have  been  moved  up  by  a  factor  of 
200  for  clarity.  The  solid  lines  are  fit  to  Rouse  theory. 


Figure  5.  Dynamic  mechanical  frequency  sweep  data  for 
1 1000  series.  Quantities  in  parentheses  refer  to  the  extent  of 
quaternization.  They-scale  is  in  units  of  Pa  and  refers  to  the 
two  G'  curves.  The  C"  curves  have  been  moved  up  by  a  factor 
of  1000  for  clarity.  The  solid  lines  are  fit  to  Rouse  theory. 

ferial s  were  homogeneous  because  Tg'’  increases  with 
quaternization.  In  addition,  since  quaternization  in¬ 
creases  microphase  separation,  it  further  increases  the 
viscosity  for  the  reasons  cited  in  the  previous  paragraph. 
Can  the  effects  of  microphase  separation  be  separated 
from  the  bare  effects?  This  question  will  be  dealt  with 
in  section  4.2. 

3.2.  F requency  Sweep  Experiments:  Qualitative 
Analysis  of  Master  Curves.  Figures  4-6  show  the 
modulus  vs  reduced  frequency  master  curves  using  a 
reference  temperature  of  90  °C  for  some  of  the  polyure- 


398  Velankar  and  Cooper 


Macromolecules,  Vol.  33,  No.  2,  2000 


Figure  6.  Dynamic  mechanical  frequency  sweep  data  for 
1 2000  series.  Quantities  in  parentheses  refer  to  the  extent  of 
quaternization.  Symbols  havethesame  meaning  as  in  Figure 
4.  They-scaleis  in  units  of  Pa  and  refers  to  the  two  G'  curves. 
The  G"  curves  have  been  moved  up  by  a  factor  of  400  for 
clarity.  The  solid  lines  are  fit  to  Rouse  theory. 

thane  cationomers  studied.  Data  on  other  materials 
have  been  omitted  here  since  their  master  curves  are 
qualitatively  similar  to  those  shown  in  Figures  4-6. 
Some  qualitative  conclusions  may  be  drawn  from  these 
data.  At  sufficiently  high  temperatures,  time- temper¬ 
ature  super  position  is  seen  to  work  for  al I  materials  in 
the  experimental  frequency  range.  These  master  curves 
may  be  descri  bed  al  most  quantitatively  usi  ng  the  results 
of  Rouse  theory^ 


G'=— E- 

p=il  ■ 


2  2„4 
Ir  «  P 


mp 


71  P=ll  ■ 


2  2„4 
Tr  tu  p 

(3) 


where  r]o  and  tr  are  the  terminal  viscosity  and  relax¬ 
ation  times,  respectively,  used  as  fitting  parameters. 
These  fits  to  eq  3  are  shown  as  solid  lines  in  Figures 
4-6,  and  the  corresponding  terminal  viscosities  and 
relaxation  times  listed  in  Tablet.  I  n  general,  increasing 
quaternization  is  seen  to  increase  both  the  terminal 
viscosity  and  the  terminal  relaxation  time  of  the  poly¬ 
urethanes.  It  must  be  reemphasized  that  not  all  the 
increase  in  mcxJuli,  viscosity,  and  relaxation  times  can 
be  attributed  to  microphase  separation.  At  least  some 
of  it  is  due  to  bare  effects;  i  .e.,  at  the  reference  temper¬ 
ature  of  90  °C,  polyurethanes  with  higher  levels  of 
quaternization  are  expected  to  be  both  more  microphase- 
separated  and  closer  to  their  single-phase  Tg  as  dis¬ 
cussed  in  section  3.1. 

At  lower  temperatures,  a  failure  of  superposition  is 
seen  for  materials  with  large  block  length  or  large  block 
incompatibility.  Specifically,  si  nee  high-frequency  data 
were  used  for  superposition,  the  failure  is  seen  at  low 
frequencies  in  the  form  of  a  smaller  terminal  slope  at 
low  temperatures.  It  is  apparent  from  Figures  4-6  that 
as  quaternization  increases,  superposition  fails  at  suc¬ 
cessively  higher  temperatures.  Such  failure  of  super- 


Table  1.  Dynamic  Characteristics  of  Polyurethane 
Cationomers 


glass 


Rouse  parameters'^  Eactfor?;o  transitions,  °C 


sample 

t]o,  Pa-s 

Ir,  s 

kcalAmol  K)'’ 

expti'’ 

WLF" 

1 725-0 

850 

0.021 

33.2 

3.6 

-3.4 

1725-12 

1640 

0.05 

31.3 

3.2 

-1.4 

1 725-25 

7100 

0.225 

29.1 

6.1 

4.6 

1 725-40 

33500 

0.55 

32.0 

3.9 

9.6 

1 1000-0 

1100 

0.03 

34.3 

e 

6.6 

1 1000-13 

8300 

0.18 

34.2 

e 

f 

1 1000-32 

130000 

2.5 

33.0 

-33.1 

f 

1 1000-40 

280000 

5.5 

30.6 

-34.5 

f 

1 2000-0 

700 

0.02 

35.8 

-52.1 

6.6 

12000-14 

10500 

0.2 

36.8 

-55 

24.6 

1 2000-29 

64000 

1.1 

34.8 

-55 

21.6 

Apply  tomastercurvesat  Tret  =90  °C.  '’SI  opes  of  broken  lines 
in  Figure  9.  ■’See  Velankar  and  Cooper. ^  ^  Tg  required  to  fit  eq  4 
to  data  in  Figure  7;  soiid  iines  are  the  fit.  ‘’Too  indistinct  to  be 
reiiabiy  measured.  ^WLF  fits  not  possibie. 

position  has  often  been  demonstrated  to  be  due  to  an 
order-disorder  transition  (ODT)  or  due  to  composition 
fluctuations.®  However,  small-angle  X-ray  scattering 
experiments  have  shown  that  the  scattering  curves  of 
all  the  polyurethane  cationomers  except  12000-0  show 
almost  no  change  with  temperature.®  Clearly,  the  failure 
of  superposition  of  the  cationomers  cannot  be  attributed 
to  microphase  mixing.  I  n  fact,  failure  of  superposition 
is  seen  for  both  al  most-homogeneous  materials  such  as 
1725-40  (Figure  4)  and  highly  microphaseseparated 
materials  such  as  1 1000-32  (Figure  5).  The  most  likely 
explanation  for  this  thermorheologi cal  complexity  is  the 
relatively  high  hard-segment  Tg  of  these  materials; 
time- temperature  superposition  is  not  expected  to 
apply  so  close  to  the  Tg.  From  the  results  of  the 
temperature  sweep  data  of  Figures  1-3,  it  is  evident 
that  failure  of  superposition  is  roughly  coincident  with 
sample  flow,  which  in  turn  depends  on  the  Tg  of  the 
hard-segment- rich  microphase.  This  lends  support  to 
the  hypothesis  that  failure  of  superposition  occurs  due 
to  the  proximity  to  the  glass  transition  of  the  hard- 
segment-rich  microphase.  It  is  interesting  to  note  that 
the  rheological  "signature"  of  approaching  the  glass 
transition  is  very  similar  to  that  of  increasing  mi¬ 
crophase  separation.®  Clearly,  it  is  not  generally  advis¬ 
able  to  deduce  changes  in  microphase  behavior  from 
rheological  data  alone  in  the  absence  of  independent 
confirmation  by  other  means. 

3.3.  Shift  Factors.  The  shift  factors  used  for  con¬ 
structing  modulus-reduced  frequency  master  curves  are 
plotted  as  a  function  of  temperature  in  Figure  7.  The 
data  have  been  fit  by  two  methods.  Data  that  were 
approximately  linear  have  been  fit  by  straight  lines  (i.e., 
Arrhenius  equation).  Data  that  showed  curvature  have 
been  fitted  by  the  Will iams-Landel -Ferry  (WLF)  equa¬ 
tion® 


log(a^)  -  (4) 

where  is  the  shift  factor  with  respect  to  the  refer¬ 
ence  temperature  chosen  to  be  equal  to  the  glass 
transition  temperature,  and  Cig  and  C2g  are  empirical 
fitting  parameters  that  are  often  found  to  be  close  to 
17.66  and  51.6  K  for  many  homopolymers.  While  the 
WLF  equation  is  not  expected  to  be  generally  applicable 
to  block  copolymers,  the  "concave  up"  shape  of  the  ar 
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Figure?.  Shift  factors  used  in  drawing  the  master  curves  in 
Figures  4-6.  Solid  linesarefitstoWLF  eg  4,  and  dashed  lines 
are  Arrhenius  fits.  The  lowest  four  refer  to  the  1725  series, 
the  middle  four  to  the  1 1000  series,  and  the  top  three  to  the 
1 2000  series.  The  data  have  been  moved  vertically  relative  to 
each  other,  and  they-axis  refers  to  the  1725-0  data  only. 

vs  data  of  Figure  7  suggests  its  use.  As  has  been 
discussed  before,^  a  polyurethane  often  hastwoTg's,  and 
it  is  not  clear  which  one  or  what  combination  of  the  two 
be  used  in  eq4.  Hence,  as  described  previously,^  weuse 
Cig  =  17.66  and  C2g  =  51.6  K  and  Tg  as  the  only  fitting 
parameter;  the  values  of  Tg  that  best  fit  the  ar  are 
denoted  Tg,wLF.  Note  that  the  reference  temperature 
used  for  generating  the  master  curves  in  Figures  4-6 
was  90  °C,  and  the  results  of  eg  4  must  be  translated  to 
this  temperature.  For  this, 

\og(aj)  =  log(a^)  -  log(a^J  (5) 

where  ar  are  the  experimental  shift  factors  (i.e.,  with 
respect  to  Tref  =  90  °C)  and  a^  are  the  shift  factors  of 
Tref  with  respect  to  Tg. 

At  low  levels  of  quaternizati on,  the  shift  factors  of  the 
1725  series  can  be  fitted  well  with  the  WLF  equation 
(4).  Upon  increasing  quaternizati  on,  the  Arrhenius 
equation  seems  to  fit  the  data  better,  although  the  high- 
temperature  data  may  still  befit  with  the  WLF  equation 
within  experimental  error.  The  data  for  all  the  11000 


materials  except  11000-0  have  almost  no  curvature, 
making  WLF  fits  impossible.  Finally,  shift  factors  for 
the  1 2000  series  also  show  pronounced  curvature  and 
may  be  fitted  well  with  the  WLF  equation.  Although 
1725  and  12000  materials  may  both  be  fitted  with  the 
WLF  equation;  there  is  nevertheless  a  significant  dif¬ 
ference  in  their  behavior.  Specifically,  values  of  Tg,wLF 
for  the  1725  materials  are  roughly  comparable  to  the 
measured  thermal  Tg's  (Table  1).  Si  nee  the  1725  series 
is  almost  homogeneous  (Tg’’  ks  measured  Tg),  we  may 
conclude  that  for  the  1725  series  Tg  wiF  ~  measured  Tg 

Tg'^;  this  is  in  accordance  with  the  results  for  the 
E-series^  mentioned  in  the  Introduction.  To  what  extent 
is  this  true  for  the  1 2000  series?  All  1 2000  materials  are 
strongly  microphase-separated  (measured  Tg  <k  Tf), 
and  their  homogeneous  state  could  not  be  quenched 
from  high  temperatures;  hence,  their  Tg^'s  are  not 
experimentally  available.  Unfortunately,  nor  can  their 
Tg'^'s  be  reliably  estimated^  from  common  schemes 
such  astheFoxequation^ortheCouchman  equation.i° 
Nevertheless,  from  the  calculations  using  Couchman's 
equation, 3  it  is  reasonable  to  expect  that  the  Tg^'s  for 
the  1 2000  series  are  lower  than  those  for  the  1 725  series. 
On  the  other  hand,  theTg,wLF  values  for  the  1 2000  series 
are  considerably  higher  than  those  for  the  1 725  series. 
This  indicates  that  the  Tg'^'s  of  the  1 2000  materials  are 
far  lower  than  their  Tg,wLF,  in  contradiction  to  the 
observation  for  the  E-series.^  We  speculate  that  in  1 2000 
series  Tg,wLF's  may  be  comparable  to  the  Tg's  of  their 
hard-segment- rich  microphases.  If  true,  this  implies 
that  the  relatively  small  separation  between  the  experi¬ 
mental  temperatures  and  the  Tg  of  the  hard-segment 
microphase  causes  the  temperature  dependence  of  ar 
to  be  dominated  by  that  of  the  dynamics  of  the  hard- 
segment-rich  microphase. 

3.4.  Viscosities  and  Reiaxation  Times.  Figure  8 
shows  that  terminal  viscosity  varies  roughly  exponen¬ 
tially  with  the  extent  of  quaternization.  By  fitting  the 
"raw"  modul  i  vs  frequency  data  (i  .e.,  data  prior  to  ti  me- 
temperature  superposition)  to  the  Rouse  equations  (3), 
it  is  possible  to  obtain  a  terminal  relaxation  time  for 
each  material  at  each  temperature.  This  terminal 
relaxation  time  fR  has  an  almost  identical  dependence 
on  the  extent  of  quaternization;  i.e.,  fa  and  t]o  are 
affected  to  the  same  extent  by  segmental  incompat¬ 
ibility.  Graphs  of  fR  vs  quaternization  have  not  been 
shown  because  there  is  some  arbitrariness  in  obtaining 
fR  and  because  of  thei  r  strong  similarity  to  Figures.'^  It 
is  not  possible  to  extract  quantitative  thermodynamic 
information  from  Figure  8  since  the  relationship  be¬ 
tween  X  and  the  extent  of  quaternization  is  not  known. 
Yet,  the  situation  is  somewhat  better  than  the  tradi¬ 
tional  means  of  varyi ng  the  segmental  incompatibility 
in  polyurethanes  by  changing  the  soft  segment  (e.g., 
PCL,  PEO,  PPO,  PTMO).  In  that  case,  even  the  relative 
i  ncompati  bi  I  i  ti  es  of  the  di  fferent  soft  segments  wi  th  the 
hard  segment  may  not  be  known,  and  quantification 
would  not  be  possible  at  all. 

The  data  of  Figure  8  are  plotted  as  a  function  of 
temperature  in  Figure  9.  Because  time- temperature 
superposition  is  not  strictly  valid  at  all  frequencies,  rjo 
has  a  somewhat  di  fferent  temperatu  re  dependence  than 
ar-  The  data  seem  to  be  adequately  represented  by  the 
Arrhenius  equation,  and  the  apparent  activation  ener¬ 
gies  have  been  tabulated  in  Table  1.  Data  at  low 
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Figure  8.  Dependence  of  terminal  viscosity  on  the  extent  of 
quaternization:  O,  50  °C;  +,  60  °C;  O,  70  °C;  ■,  80  °C;  a,  90 
°C;  ♦,  100  °C;  110  °C;  a,  120  °C;  □,  130  °C;  •,  140  °C. 


Figure  9.  Dependence  of  terminal  viscosity  on  temperature. 
Broken  lines  areArrhenius  fits,  and  the  numbers  adjacent  to 
the  legend  are  the  corresponding  activation  energies  in  kcal/ 
(md  K). 


temperatures  have  been  preferentially  used  in  calculat¬ 
ing  these  activation  energies  since  the  strong  signal 
minimizes  the  error  in  measuring  the  moduli.  There  is 
a  slight  increase  in  activation  energy  upon  increasing 
the  segment  length;  however,  considering  the  arbitrari¬ 
ness  in  drawing  straight-line  fits  in  Figure  9,  these 
activation  energies  may  be  considered  to  be  almost 
equal  for  all  11  polyurethanes.  More  importantly,  the 
apparent  activation  energies  within  each  series  show 
almost  no  dependence  on  the  extent  of  quaterniza¬ 
tion,  i.e.,  on  the  extent  of  microphase  separation.  It 
is  quite  remarkable  that  an  almost  homogeneous  mate¬ 
rial  like  1725-0  has  roughly  the  same  activation  energy 
as  12000-29,  which  is  highly  microphase-separated. 
A  similar  insensitivity  to  the  extent  of  microphase 
separation  was  found  for  the  viscosity  and  relaxation 
times  in  the  E -series  polyfester  urethanejs.^  The  im¬ 
plications  of  this  will  be  considered  in  the  following 
section. 


4.  Discussion 

4.1.  Dynamics  of  Disordered  Microphase-Sepa- 
rated  Biock  Copoiymers.  This  section  attempts  to 
draw  conclusions  about  the  dynamics  of  polyurethane 
melts  using  the  combined  results  of  this  and  the 
previous  two  papers.^’^  Specifically,  two  unexpected 
results  are  addressed  here.  First,  the  apparent  activa¬ 
tion  energies  for  terminal  viscosity  and  terminal  relax¬ 
ation  ti  me  are  al  most  insensitive  to  the  block  length  or 
to  the  block  incompatibility,  i.e.,  to  the  extent  of  mi¬ 
crophase  separation.  This  temperature  dependence  of 
the  terminal  rheological  properties  includes  the  tem¬ 
perature  dependence  of  each  of  the  three  factors  (bare 
effects,  dynamic  asymmetry,  and  energy  penalty  xN) 
mentioned  in  section  3.1.  Thefirsttwowill  be  considered 
later;  suffice  to  say  that  increasing  quaternization  is 
certainly  not  expected  to  decrease  their  temperature 
dependence.  The  last  factor,  related  to  the  energy 
penalty,  may  be  expected  to  scale  as  expC-^W)  where 
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xN  is  the  thermodynamic  penalty  of  dragging  a  soft 
segment  block  through  the  hard-segment-rich  phase, 
and  vice  versa.  This  may  be  expected  to  increase  the 
apparent  activation  energy  for  terminal  dynamics  by 
xN.  Nosuch  systematic  dependence  of  activation  energy 
on  incompatibility  is  seen  in  the  present  work,  and  none 
on  bicxik  length  was  seen  previously.^  Thus,  inasmuch 
as  the  measured  terminal  dynamic  viscosity  is  related 
to  chain  diffusivity  (or  to  the  monomeric  friction  t),  we 
conclude  that  microphase  separation  does  not  impose 
large  energy  barriers  to  chain  motion.  Similar  results 
have  been  seen  byDaIvi  et  al.^^  for  symmetric  dibicxiks 
and  Yokoyama  et  al.^^  for  asymmetric  dibicxiks.  Both 
Daivi  and  Yokayama  found  that  the  diffusivity  of  low- 
molecular-weight  polystyren^polyfvinyl  pyridine)  di  block 
copolymers  was  comparable  to  that  of  polystyrene  of 
equal  molecular  weight,  even  if  the  di  blocks  were  below 
their  ODT  temperatures.  A  thermodynamic  penalty  that 
scaled  asxN  was  observed  only  if  thediblock  copolymer 
was  entangled.  12,13  5y(-h  behavior  has  been  predicted 
by  theories  of  the  dynamics  of  block  copolymers,i'i“i2and 
in  general  one  may  conclude  that  in  unentangled  block 
copolymers  microphase  separation  hinders  chain  motion 
the  least.  This  is  especially  true  for  lamellar  micro¬ 
structures  in  which  chain  motion  parallel  to  lamellae 
has  no  thermodynamic  penalty.®!!  Daivi  et  al.'s  conclu¬ 
sions  are  more  rigorous  than  the  present  ones  si  nee  they 
arebasedon  measuring  chain  diffusivity  that  isdirectly 
related  to  chain  motion,  rather  than  the  terminal 
dynamic  viscosity  measured  here.  Moreover,  due  to  the 
easy  access!  bi  I  ity  of  the  homogeneous  state.  Dal  vi  et  al . 
were  able  to  normalize  the  diffusivities  of  the  dibicxik 
copolymers  to  their  bare  diffusivities  and  thus  find  the 
precise  dependence  of  the  thermcxtynamic  penalty  on 
;)(A/.!®  The  homogeneous  state  is  not  availablefor  all  the 
polyurethanes  studied  here;  more  comment  will  be  made 
on  this  issue  below. 

The  second  unexpected  observation  is  that  not  only 
the  terminal  viscosity  but  also  the  entire  frequency 
response  is  insensitive  to  the  extent  of  microphase 
separation.  That  is,  regardless  of  microphase  separation, 
the  high-temperature  master  curves  for  the  I -series  as 
well  as  the  E-series^  are  qualitatively  similar  to  rheo¬ 
logical  master  curves  of  low-molecular-weight  homopoly¬ 
mer  melts.  I  n  fact,  all  modulus- frequency  data  except 
at  the  lowest  temperatures  may  be  descri bed  by  Rouse 
theory  reasonably  well,  even  for  materials  such  as 
11000-40  and  12000-29  that  are  highly  microphase- 
separated.  At  first  sight,  this  merely  seems  to  be  a 
stronger  validation  of  the  theoretical  expectation  that 
chain  motion  in  unentangled  bicek  copolymers  is  insen¬ 
sitive  to  microphase  separation.  However,  Figures 4-6 
are  not  the  frequency  response  of  a  single  chain;  they 
refer  to  the  frequency  response  of  the  enti  re  microstruc¬ 
ture.  In  microphase-separated  block  copolymers,  such 
linear  viscoelastic  response  in  the  terminal  region  is  not 
controlled  by  single-chain  diffusivity,  it  is  control  led  by 
the  large  correlation  length  (grain  size)  of  the  ordered 
microphase.®'!®  This  presence  of  long-range  order  in 
block  copolymers  with  monodisperse  blocks  leads  to 
nonliquidlike  terminal  behavior®  (often  C'  ~  w®  ®,  G" 
ft»o®)  below  the  ODT,  though  of  course,  this  cannot  be 
the  true  terminal  behavior.!®  The  fact  that  even  highly 
microphase-separated  polyurethanes  such  as  12000-29 
show  homopolymer- 1  ike  relaxation  and  not  the  com¬ 
monly  observed  nonliquidlike  terminal  response  is  a 
di  rect  consequence  of  the  fact  that  these,  and  most  other 


polyurethanes,^'!®  have  a  microphase-separated  state 
without  long-range  order.  This  effect  of  a  small  correla¬ 
tion  length  (grain  size)  in  polyurethanes  on  the  terminal 
rheological  properties  has  been  mentioned  before.^  What 
are  the  reasons  for  this  lack  of  long-range  order?  In 
polyurethanes,  this  lack  of  long-range  order  may  be 
attributed  to  the  high  polydispersity  in  block  length.  The 
effect  of  a  lack  of  long-range  order  may  also  be  seen  at 
the  early  stages  of  the  ordering  process  when  the  block 
copolymer  is  microphase-separated  but  not  ordered  and 
therefore  shows  a  liquidlike  terminal  response. it 
may  also  be  seen  in  block  copolymers  with  highly 
asymmetric  block  lengths  which  creates  microphase- 
separated  morphology  without  long-range  order. 2!'22 
Presumably,  other  factors  such  as  chain  branching  with 
branch  size  comparable  to  the  block  length,  strong 
specific  interactions  that  prevent  reordering  of  a  disor¬ 
dered  structure,  etc,  may  also  hinder  long-range  order. 
Thus,  we  further  qualify  the  statement  in  the  last 
paragraph  by  saying  that  the  effects  of  microphase 
separation  on  linear  viscoelastic  relaxation  are  least 
evident  when  the  block  copolymers  are  unentangled  and 
lamellar  and  have  no  long-range  order.  This  must  be 
borne  in  mind  when  interpreting  viscoelastic  data  of 
block  copolymers  that  are  unlikely  to  have  long-range 
order.  For  example,  from  the  liquidlike  terminal  behav¬ 
ior  of  polyether  ester  multi  block  copolymer  melts,  Veen- 
stra  et  al.^®  concluded  that  these  melts  were  single¬ 
phase;  this  cannot  be  regarded  as  conclusive  in  the 
absence  of  scattering  data. 

It  is  worthwhile  speculating  that  this  lack  of  long- 
range  order  may  be  useful  from  an  experimental  view¬ 
point.  For  instance,  Daivi  et  alT!  studied  the  effects  of 
microphase  separation  on  chain  dynamics  in  di  block 
copolymers  as  mentioned  above.  These  materials  had 
monodisperse  blocks,  and  their  corresponding  mi¬ 
crophase-separated  states  had  long-range  order;  thus, 
information  about  chain  dynamics  (i.e.,  the  friction 
coefficient  0  was  obtai  ned  by  diffusivity  measurements. 
It  is  possible  that  if  these  samples  had  no  long-range 
order,  the  same  results  may  have  been  obtained  by 
mechanical  rheometry,  which  is  far  more  convenient 
from  an  experimental  viewpoint.  Of  course,  to  be  rigor¬ 
ous,  the  equivalence  between  the  friction  coefficients 
obtained  from  viscosity  and  diffusivity  would  first  have 
to  be  demonstrated  in  microphase-separated  samples 
without  long-range  order. 

The  above  discussion  does  not  however  imply  that 
polyurethane  viscoelasticity  isaltogether  insensitive  to 
microphase  separation;  in  fact,  the  increase  in  terminal 
viscosities  and  relaxation  times  with  microphase  sepa- 
rati  on  have  al  ready  been  demonstrated  (F  i  gure  8  of  thi  s 
paper  and  Figure  18  in  Velankar  and  Cooper®).  If  this 
cannot  be  interpreted  in  terms  of  activation  barriers  to 
chain  motion,  what  mechanism  is  responsible  for  this 
increase  in  viscosity  and  relaxation  time?  The  explana¬ 
tion  must  lie  in  bare  effects  and  in  the  dynamic 
asymmetry  aspects  of  microphase  separation  as  dis¬ 
cussed  in  section  3.1.  While  a  great  deal  of  theoretical 
effort®'!®'!®'®'!  hag  bee,-,  expended  in  understanding  the 
"thermodynamic"  aspects  of  chain  motion  (i.e.,  the 
energy  penalty  xN),  bare  effects  and  dynamic  asym¬ 
metry  have  be^  addressed  only  toa  limited  extent.®  !®  ®® 
The  latter  are  expected  to  be  especially  important  in 
the  dynamics  of  elastomeric  bIcek  copolymers  in  which 
one  component  usually  has  a  much  lower  mobility  than 
the  other. 
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Figure  10.  Effect  cf  micrcphase  separation  on  the  E-series 
assuming  that  E830  istrulyhcmogeneous  (see text).  Data  have 
been  corrected  fcr  differences  in  overall  molecular  weight 
assuming  Rouse  dynamics  (viscosity  ■><:  molecular  weight)  using 
the  molecular  weights  cited  previcxisly.^ 

4.2.  Microphase  Separation  vs  Bare  Effects  in 
Poiyurethanes:  i  mportance  of  the  Homogeneous 
State.  Finally,  we  deal  with  the  question  raised  at  the 
end  of  section  3.1:  is  it  possible  to  separate  the  effects 
of  mi  crophase  separati on  from  those  of  bare  effects?  T o 
do  th i s  quanti tati  vel y  wou I  d  i  n vol  ve  compar i  ng  exper i - 
mentally  measured  dynamic  properties  (in  this  case 
viscosity  t]o)  with  the  value  for  the  same  property  (t/^p) 
if  the  material  were  single-phase.  Clearly,  some  means 
of  measuring  or  estimating  the  single-phase  viscosity 
must  be  available.  In  this  respect,  a  serious  limitation 
of  polyurethanes  is  that  polyurethane  hard  segments 
are  capable  of  hydrogen  bonding  and  hence  asscxiiate 
very  strongly.  This  is  expected  to  make  it  much  more 
difficult  to  achieve  a  truly  homogeneous  state  in  poly¬ 
urethanes  than  in  copolymers  whose  blocks  are  incom- 
patibledueto  nonspecific  repulsions.  Thus,  while?7o  is 
requ  i  red  to  eval  uate  the  effects  of  mi  crophase  separati  on 
quantitatively,  it  is  not  clear  how  it  may  be  estimated 
for  the  polyurethanes  studied  here.  For  the  present 
purposes,  it  would  be  most  convenient  if  one  of  the 
polyurethanes  in  a  series  were  demonstrably  homoge¬ 
neous.  Of  all  the  polyurethanes  studied  in  this  series  of 
papers,^'^  the  truly  homogeneous  state  without  signifi¬ 
cant  composition  fluctuations  is  most  likely  to  be 
obtained  in  the  E -series  studied  previously.^  This  is 
because  the  polyester  soft  segment,  which  is  also  capable 
of  hydrogen  bonding,  minimizes  the  preferential  as¬ 
sociation  of  the  hard  segments  by  hydrogen  bonding. 
Si  nee  the  E -series  involves  varying  the  block  length,  the 
sample  with  the  lowest  block  length,  E830,  is  the  most 
homogeneous  in  that  series.  Assuming  homogeneity  of 
E830  for  the  moment,  the  viscosities  of  the  E-series, 
normalized  by  the  viscosity  of  E830,  are  plotted  as  a 
function  of  A/  in  Figure  10.  These  data  have  been 
corrected  for  differences  in  overall  molecular  weight 
(Table  1  in  Velankar  and  Cooper^)  assuming  Rouse 
dynamics  (viscosity  oc  M  W”^).  These  corrections  are  at 
most  a  factor  of  about  2.  If  ^  were  known,  it  would  be 
possible  to  combine  data  at  different  temperatures  and 
plot  them  against  xN-  lfE830  were  homogeneous,  this 
graph  would  represent  the  effect  of  microphase  separa¬ 
tion  after  "subtracting  out"  any  bare  effects.  Clearly,  the 
net  effect  of  microphase  separation  on  the  terminal 
viscosity  is  quite  considerable;  moreover,  this  effect  is 


believed  to  be  entirely  due  to  dynamic  asymmetry  as 
per  the  discussion  of  section  4.1. 

To  what  extent  can  E830  be  regarded  as  homoge¬ 
neous?  As  far  as  the  DSC  data  are  concerned,  E830  is 
almost  completely  homogeneous.  Yet,  that  does  not  rule 
out  composition  fluctuations  that  affect  the  dynamics 
but  are  too  weak  (or  decay  too  fast)  to  affect  the  DSC 
trace.  E830  also  showed  very  weak  SAXS  patterns, 
thereby  indicating  homogeneity;  however,  the  electron 
density  contrast  between  the  segments  was  calculated 
to  be  very  poor,  which  would  cause  weak  scatter!  ng  even 
if  there  were  a  small  amount  of  microphase  separation. 
Thus,  how  may  homogeneity  be  conclusively  demon¬ 
strated?  One  possibility  is  to  verify  that  the  dynamics 
of  the  block  copolymer  are  dependent  on  chain  length 
alone.  For  example,  Daivi  et  al.  found  that  diffusivity 
of  a  homogeneous  diblock  copolymer  could  be  well- 
represented  by  (overall  length)”^  at  low  molecular 
weight  as  per  Rouse  theory^i  or  (overall  length)"^  at 
high  molecular  weight  as  per  reptation  scaling;^®  i.e., 
there  was  no  dependence  on  block  length  per  se.  This 
suggests  one  possible  criterion  to  test  whether  E830  is 
homogeneous:  compare  its  viscosity  with  that  of  a 
similar  polymer  with  even  lower  block  length.  If  E830 
is  homogeneous,  all  differences  in  viscosity  should 
demonstrably  be  due  to  different  overall  molecular 
weight.  Note  that  before  correlating  rjo  to  molecular 
weight,  it  may  have  to  be  corrected  to  account  for  the 
increase  in  Tg  with  block  length.  This  verification  of 
homogeneity  of  E830  has  not  been  done  due  to  the 
difficulty  of  obtaining  polycaprolactoneof  lower  molec¬ 
ular  weight  and  good  functionality. 

A  graph  similar  to  Figure  10  could  be  drawn  for  the 
1725  series  by  assuming  that  1725-0  is  homogeneous; 
however,  the  fact  that  the  soft-segment  PRO  cannot 
undergo  hydrogen  bonding  makes  association  between 
hard  segments  much  more  likely,  and  hence,  homogene¬ 
ity  of  1725-0  is  a  more  questionable  assumption.  The 
11000  and  12000  series  are,  of  course,  known  to  be 
microphase-separated,  and  no  plausible  candidate  for 
their  homogeneous  states  is  available  at  all. 

Thus,  we  hope  to  have  demonstrated  that  information 
about  the  dynamics  of  the  homogeneous  state  is  abso¬ 
lutely  essential  in  order  to  separate  the  effects  of 
microphase  separation  from  any  bare  effects.  This  is 
especially  important  when  testing  theories  of  dynamics 
of  block  copolymers  that  usually  predict  the  effects  of 
microphase  separation  over  and  above  any  bare  effects. 

5.  Summary 

This  paper  describes  the  effect  of  varying  the  seg¬ 
mental  incompatibility  on  the  linear  viscoelastic  proper¬ 
ties  of  a  series  of  polyurethane  elastomers.  We  first 
briefly  summarize  the  experimental  results.  It  was 
found  that  the  moduli  and  the  relaxation  times  of  the 
polyurethanes  increased  with  block  incompatibility. 
Increasing  block  length  or  incompatibility  caused  a 
fai  I  ure  of  ti  me- temperature  super positi  on  due  to  prox- 
imity  to  the  Tg  of  the  hard-segment-rich  microphase. 
This  failure  was  very  similar  to  that  observed  with 
increasing  microphase  separation,  viz.  failure  due  to  a 
lower  terminal  slope  at  low  temperatures. 

This  work  made  two  unusual  observations:  that  the 
apparent  activation  energy  of  terminal  relaxation  was 
independent  of  microphase  separation  and  that  the 
terminal  frequency  response  was  liquidlike  (G'  ~  C" 
~  w)  even  for  highly  microphase-separated  polyure- 
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thanes.  The  first  observation  indicates  that  microphase 
separation  in  unentangled  systems  does  not  greatly 
hinder  chain  motion,  in  accordance  with  previous  ex¬ 
perimental  results^2,i3a|-,(j|-|-,eoretical  expectations. 

The  second  observation  that  strongly  contrasts  the 
nonliquidlike  terminal  behavior  of  block  copolymers 
with  monodisperse  blocks®  reiterates  the  role  of  the 
disordered  nature  of  the  microphase-separated  state  in 
polyurethanes.  Both  these  observations  indicate  that  the 
effects  of  microphase  separation  in  polyurethanes  are 
felt  due  to  the  large  dynamic  asymmetry  (difference  in 
friction  coefficients  of  the  bicxiks),  rather  than  an  in¬ 
ability  of  the  bl  ocks  to  move  through  ther modynami  cal  I  y 
unfavorable  regions. 

It  is  important  to  note  that  the  increase  in  terminal 
viscosity  and  relaxation  times  with  microphase  separa¬ 
tion  can  be  explained,  at  least  qualitatively,  on  the  basis 
of  dynamic  asymmetry  alone.  An  energy  penalty  {  oc  xN) 
for  dragging  a  block  through  an  inhospitable  region  is 
not  consistent  with  the  experimental  data.  Wespeculate 
that  the  effects  of  dynamic  asymmetry  are  likely  to 
dominate  over  those  of  the  thermcxdynamic  penalty^^s 
in  the  dynamics  of  block  copolymers  that  are  designed 
to  be  elastomers.  This  is  because  the  blocks  of  block 
copolymer  elastomers  often  havea  very  large  difference 
(at  least  100  °C)  in  their  Tg's,  leading  to  friction 
coefficients  that  can  differ  by  several  orders  of  magni¬ 
tude.  This  is  in  contrast  to  the  commonly  studied  PEP/ 
PEE  block  copolymers,^®'^^  as  well  as  other  block 
copolymers  such  as  PS/PN/P^^i^  gr  various  pairs  of 
PDMS,  PI,  PEO,  PPO,  PEP,  and  PEE  blocks  where  the 
difference  in  Tg's  of  the  blocks  (and  hence  the  dynamic 
asymmetry)  is  relatively  modest. 

Polyurethanes  are  not  suitable  candidates  for  detailed 
studies  of  dynamic  asymmetry  effects  or  for  testing 
theories  that  attempt  to  predict  the  dynamics  of  mi¬ 
crophase-separated  block  copolymers.  They  have  the 
desirable  property  of  not  possessing  long-range  order 
upon  microphase  separation,  which  may  allow  terminal 
rheological  behavior  to  be  accessed  by  mechanical 
rheometry  rather  than  diffusion  measurements.  How¬ 
ever,  they  have  the  serious  disadvantage  of  not  having 
an  easi  I y  accessible  homogeneous  state,  which  is  crucial 
to  for  any  quantitative  evaluation  of  any  theory.  In 
addition,  the  glass  transition  of  the  hard-segment-rich 
microphase  is  very  rarely  discernible  in  DSC  traces  of 
polyurethanes;  thus,  obtaining  the  microphase  composi¬ 
tions  accurately  is  relatively  difficult.  Finally,  synthesis 
of  hard-segment  blocks  of  desired  molecular  weight  to 
obtain  the  dependence  of  the  Tg  on  block  molecular 
weight  is  also  difficult.  Other  materials  such  as  poly- 
etheresters  may  be  more  suitable  for  experimentation 
on  multi  block  copolymer  sincetheir  homogeneous  state 
is  much  more  likely  to  be  attainable. 

Finally,  one  caveat  must  be  borne  in  mind.  All  the 
experiments  performed  here  were  dynamic  mechanical 


experiments  in  the  I  inear  viscoelastic  region,  i.e.,  small- 
deformation  experiments.  The  discussion  above  has 
implicitly  assumed  theCox-Mertz  rule  that  the  termi¬ 
nal  viscosity  measured  in  dynamic  experiments  is  equal 
to  the  Newtonian  viscosity  measured  in  the  limit  of  low 
shear.  Li  mi  ted  experi  ments  have  demonstrated  that  this 
is  a  good  assumption,  at  least  at  the  relatively  high 
temperatures  (i.e.,  low  viscosities)  at  which  steady  shear 
experi  ments  are  possible.  However,  a  more  rigorous  test 
of  the  i  nsensiti vity  of  the  activation  energy  of  termi  nal 
dynamics  to  microphase  separation  would  involve  more 
detailed  steady  shear  experiments  at  low  shear  rates. 
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